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,4bs[ItLct  ‘J’hc kil]ctic CIICIfIy of the 1 kI-th’S  I otalion car] bc sepal alcd into two pal [s: lhc, sl~i]l  cmmgy

and tl~c polar molion  Cmcl-f;y.  1 lcrc wc dcl ivc I i~:orous fbrmulac fbr their chan~,es,  whm c the pcJla]-

molion cm f~y change is ]-clat ccl 10 the polar-motion cxcilat ion f[lnction via a t rcatmc.nf  of rcfcrmcc

fi amcs. ‘J’lIc fomulac  al-c 1 hcm applied to compllte  co-seismic cncu gy CAan[;es inducd  by the static

displamncmt field pIodLIcd  in an idealized llarih  model by a total of 11,015 ma~o] ca] [hquakcs’that

occuII  cd du]in:; 19-/7- ‘] 99.3. An c.xtrcvndy  stlon:;  statistics is found ill the car [hquakcs’ Icndcncy  in

il]clc.asing the l;al-[h’s  spin energy; the rate dLllil)j{  1 97’)- 1993 was -16.7 G1lT, about  Ihc saInc as the

total seismic wave cncxgy release, ‘1’hc C.O]-I csjmncling  ]x~la]-rnotion  cwcr~y chanj:cs al c 1 ()- 6 til]lcs

s]naller  and }]a(i no dctcdablc  statistical Icmdcncy  in tllcir  si~ns,



1. lntro(illction

h4~ss ]c(listri\~~]ticJ]]s  c)f matmial in or on tllc Ilalth will  pIoducc two indcpcnricnt  global

f!,codynamic cfkts. 11 v:ill  cllallgctllcllaltll’s  lotation~~ia  tllccc~~lscl-)’atioll  ofangulal”  mc)mcntum

It will also chan~c the l~al[ll’s gravitational ficIcl acxoldjl~f:  to Nexvton’s  :yavitaticmal  law. An

cal-{l~qllakcfidllltill::  [yncralcs  such Ia[:,c-scale static dis]~laccment  fidd inthcl:<alth; so thcl~allh’s

]otation and ::iavitatio]]al  field, as well as their associated melr.y,  11’ill  chan~c as a Icwlt.  [’hao A’

(;]0ss (19S7) have fbmmlalcd and computd  eal [ll(]llakc-ill(i~lccd  cl)an:cs in the l;al[h’s lotation and

loI\I-deycc  j~ravitationa] fidd. “J’hc prcscnl papcu focllscs on t h e  collcsponding  cllan[gc  i n  the

[olational  ctlc]-~;y, \\l~ilca cc)]] 3jJar]i[)]l] Ja]Jcl-((’lla[)ct  al. 1994) t]catst  llcclla]lgesitl  thcg]avitalional

Cl)cl’:!y.

h~unk & h~acl lona]d (1 960) lla\’c show that, to first older a])])loxi]]lalio]l,”  validations of the

la! Lb’s ]otation \mtoI as sum in Ihc tc]]-cstlial  Icfclcllcc fi amc can be scpalatcd dynamically into spit]

vai iatioll and polal” motion. \47c shall dc]i)c  fo] Inulac  fol- the ] otational  kinetic mmgy  chan[:e f] om

fit st pI inciplcs in palallci  to their Iincal-iz.ation  sckcvnc.  It will Ix shown that the ]otational  c~w)g)’

cllar]~:c.  caI~ as ivcll  bc scpalatcd, to first OI {icl, into spin cnm[[y cha]l::c al)(i polar  motion cIIc.IF,y

Chali::c. 11 should be mcl~tiond  that the fil St-o] dm’ cxpl cssion  fo] spin crlc]~:y chany,c  can be dcI ivd

altm nalit’c]y in a st I-fiif:h[fhnval d mannm f} om Ihc conscv l’alien ofthc axial compo IIcnt ofa IIp,ula  I

nm)cJ]tum (cfl IIahlcn 1 977; scc also equation 5 lmlm~’)  Ily the same token,  the chan~gc  in the polar-

]I]oti(jn CJICI yy can be dc]-ivd f]rom the cxp J cssion fb] the total polar- mc)tion cnm::y  for an elastic

l;,al [h, ul]ich is b really equi\’alcnt  10 that associated with tllc IWlcl-ian  lnolion  of a Iig;id  body (c. [; ,

1 ,amlau & ] ,ifshilz 1 976). I lcnvcnw, as we will sex, car cful intcrp]ctation  ofthc associatd  I-cfcucncc

fi amc is ncccssaly.

Chao & Gloss (19S’/) computed fc)l ?.146 ]I]ajo] Cal thquakcs  that occut  I d (iul in::  1 9-/’/- 1985

and found st]ong  nc)n-mndonl  bchaviol of ca] [hquakcs  i]) p] educing co-seismic rotational  al)d

p[avitational  changes, in par[icwlar,  they found that eal [hquakcs  have a]) cxt I cmely stIoI~g tcndcnc, y.>

10 spcc41  IIp tllc  ILa] [h’s spin, albeit slightly. “J’his l]2ippCli S bccasue lhc ca] [hquakcs  tend to move mass

toward the Iotation  axis, ~us( as drawing  the alms dose.] to the bod~’  \\oLllcl  speed up a skalds spin,

‘J’hc spin cmcIgy \vill  inmcasc  in the pmcms kcausc  woI k is (ione againt the centl-if~]~al  fo] cc. II) this

paper mc apply the rotation CnCI-gy fommlae to Ilw co-seismic mass Icdist]ibution  associated with the

c.altl~q~!akc-ill(lt]cc(l  static displacement field in the l~al-th.  WC compute both spin cncrf!y and polal--

mc)tion  cIIcI{gy changes caused by 11,015 ma~or ca[-thquakes that have OCCNII  MI clu I ing .lanua] y 1,

?



197’/ to .luly 31, 1993. In parallel to Chao & Gloss (1987) and Chao d al, (1 994), we examine  the

ma~t)ifudc anti statistics ofthcse lcJtational  cncq:y  chan~,cs,

2. ~icnclal  l:omulation

Consi(icr  a ] otaling  Ear[h mo(id foI 1+ ’hich some lclI estlial  (body)  rc.fcrcmcc frame is defined.

\Vc fix the ori[;in c)fthc cooldinatc  system at the ccntcI of mass, ‘J he Cal-tcsian .Y, y and 2 coordinate

axes al c oricntd  alon[g the 00 (Grcm~~ich)  Mmidian, the 9(Jc’li h~c.1-iciian,  and the IIalth’s lllcall

rotation axis, I cspcctivcly.  ‘1’hc choice of this 2 axis defines the zero polar  motion cncl::y  which

COJJ  csponds to 7C.I-0  wobblin~  motion. ‘1’hc instant ancx)t]s I c)tatio]l  J’clocily  vector can bc w ittcn as

whcl c “ denotes  ~lnit  VCC1OI,  O : 7,2921 ~ 10”5 s“] is the ]ncan (sidc]cal)  Iotation  rate of the

llaI [II, and n)i al c small dimcwsionlcss pcl-turbalions,  l~l?, dew ibing I’alialio]ls in Ihc spill  all(l ml,

W? dcscIibin~  pola]” m o t i o n .  ‘1’0 first c~l-dcr in nlj, the cmtlifufgal  potcmtial  gcnc]atd  by Q at.

location 14 irl Illc l~al (1] is (e.g., \J’ahr 1985):

(/(1”)  ‘ % [/“?/s212 - (1”” 0)2 ]
: 1/2 f>’ [ (y?-+  )J) (] I 27?13)  ??)1,  .Y’? ?./)12  .)’.? ] (2)

‘J’llc ccntlifh::al  accclcr-ation is gi~m) by \/[.1(1.),

Sup]msc an infinitesimal disp]acmcnt fidd u(r) is p oduccd  in the othc1”w7isc  Unpcrtlll”bcd  ] ~hi f h.

‘1’his displacement dots mechanical woIk against the ccnlrif~lgal  fo]-ce; and the relational cner[gy

chan$~,c  is equal 10 this woIk intcf;ratc.ci  oIwI the vol{llnc ofthc lia]lh:

Al’; ‘ - ( p (I”) ll(r)”v u(r) dv (~)

]vhcI c p(I”) is the l;al [h’s densily  ciistlibution. “J’hc position vccto]- r of a matmial pal tide I cfkm to

a 1 .a{!,l an~ian (Rs oppose.d to Eulerian)  dcsmiption  wl]ich, undcl the conscr-vation of mass, allo~vs

volume intcqlalion  to be c.arI-icd out over Ihc unclcformcd  body,.

(~ombininf;  equations (2) and (3), onc gds
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~)a]i~ to fil St OICIC]  ill II, ‘J’IIC  first ttym in the b]ac.kct  gives the c h a n g e  in the spin emcrgy,  A/~;L$,

whcl-cas  the remaining two terms give the change in the polar motion energy, Al;,,,,,. ‘1’0 first

OI-dCV in m and U, they separate in a natural and c.onvcnicnl  mannu.

‘J’hc CIl CI-:;y changes can be simplii;cd, at least conceptually, as follc~ws. 1 .ct C be the polar

moJncnl of incu tia of the l;.ar[h about  the: axis: (~’ .[f)(l.)(12-~J’?)f/~~  = 8.0378  ~ 103” k~ IH2. ‘1’hcn

the fiI st intcx~ra]  in (4) is precisely the cllan~c,  in (~, c33, due to the. displac.c.mcnl  u(r)  in the 1 .a::ran{),ian

dcsuiption,  ‘1’111)s, to first orclcl in u,

whmc  for blevity  we have written m : (ml, ~l?2), :illd c ~ (c13, --ck. i) as 2-dilncnsional  vcdc)]s. 1 lc]c

m is cxp] cxscc]  in radians; typically lml . 1 c)” 6 froln obscwation (see I;ig. 1).

‘1’hc quantities c~., c1 ~ and c?? arc Ilsually  computc(l for geophysical procmscs with no rc{gal-d. .

to any induced rotational deformation of the (elastic) llarth. in I c.ality, tbc cxtla Ccn(rifhial  fo]”cc

arising  from the f-olationa]  cl)ansc ilsclf can c.ausc  an extla  change  in the above paramctcm, the

anmnt of w})ich depends on the l~arlh’s  elastic pl opcl-tics lNumcu  ically,  howcw, this contl ibulion

can be nc~:lectcd  bccausc its rdativc ma~nitudc  is only on Ihe order of 1 ()” 3, as SIIDJW by h4u11k &

h4acJ)onald  (1960,  cq. 6. 1.8).

It is instructive to dwivc  the total polar-motion kindic  energy from equation (6). ‘J’his can be

done in tel ms of the }Jc~lar-motion  excitation iinction  c{uc 10 a mass redistribution cmmputcd  with

respect to the ‘1’csscrand’s  fi amc, ‘1’ ‘ k},cl(~~  - A), where k,, ‘ 1,43 is the polal-motion  transfer



filnction  (h4u11k & h4acllonald  1960), and A z 8.0115 x 1037 kg m? is the l~al-lh’s  cquatol  ial lnomcnt

ofinulia.  IIcmm,

A 1<,))), ‘ 07 (CA) III*Y’ / k}, (7)

l;ollowing  Ihc al-gument of (hao (1 984, equations 13- 1 5), it can lx showm that the instantaneous

cl~allSc  in the polar motion  causal by Y’ is

],;),,, :  1A Q? [,,cj ( (  ‘.~)/(’J 1~~.]*] (9)

‘J’]lis cqualioll  is fomally  i(icntical  to the well-knolwl cxpl-cssion for the kincticf  cnc]gyf of Ihe

l\ulcI ian ]vobb]c of a ri~id  body.

‘j’hc same cfkd associatd  with the minus si{:n in equation (8) explains tbc minus si~n in

equation (’7). )f~,,), incl  cases if Y’ opposes m in divxt,ion:  As viewed in the tc.rl-csti ial frame, the c.cmtcv

of tk ncnv m moves away from the original III, inu casing ln~l and hcncc ~~,,l,. “1’hc ]mwsc  is tluc if

Y’ is pal allcl  to m. lf~,,,, l-cmains unchan~gcd  if Y’ is nolmal to m

A wol”d of caution is in ol’dcJ” hcJ”c with lcspcc.t  to the definition of m. As -iescl”ibc’d  above,  our

foJlmla applies to the location of the Notational pole 1 clativc to the ‘mean pole” , lv}lich  in tLIJn is our

I cfcmnm level coJtcs]>c>l~(iiJlg  to Z.CJO  polar-motion cnci~y.  l’wo complications arise as a rcs~lli.  l;irsl,

the. “JcpoJ  [cxi”  pole position mcasumncnt  is the location clft}lc  cclc.stial  cpllmel-is i>olc,  mthcr than

the rotation po]c (Gloss 1 992). ‘1’hc dynamic (iifl’cl-cncc  is propol-tionai  to the time (icrivativc of Ihc

excitation Y’. Chao (1 984) has shcwm that, for an abrupt  displacement such as an cal-thwu:tke

faultins,  lhc (iifl-crcnc,c  is numcrical]y  ncglip,iblc on the or(icr of the l{al-th’s  oblatcncss  (- 1/300), in

fad, the cxcitaticm q’ gi~rcn  above neglects the time dcJ”ivativc  terms fol- the same l-cason.  ‘1’hc second

complication is a more otn’ious one. ‘1’hat is, the pole position is normally gi~!cn l-clativc  not to the

mean pole tmt to the Com’entional  TicJ1 [h I)olc,  which is rlcfincxi to bc the mean pole for the peJ-ioci
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1900- 190S. ‘Ihc Nollh  I’olc no ]ongcr c.oincidcs  with the pJcscnt  mean pole as a result ofa secular

(ilifl over the ycals.  1 Jcmce  all empirical scmlar shift of the ol-igin nccrts to be invokcrt in the polar-

nmion  smics to bc ficc from the polar drifl as much as possil)lc, so that only the “wobbling” motion

]mnains. “l-his will bc done below. hlotc  that oul definition of m thus ~ijm scalar quantity equation

(9) an inval  iant, positive-(icfinitc form with rcspc.cl to cooldinatc l]-ansformalicm as it should,

WC no~v apply the thmry to co-seismic, static displacmcnt  in Ihc l;altl~  produced by an at)] upt,

stc~)-fLlnc,tion  c,al-thquakc  fa~llting, l:ollom’in~  (’hao & Gloss (1 9S7) and usins lhc norlnal mode lhCOI-y

((iilbcv( 19’/0), this displacement can bc cxplcsscd  as an infinite suln Oflhc lia][h’s ficx oscillation

nomal Inodm:

11(1”) ‘ );L (l)/;-? Ilk(r) JI : l’:L.*(l:J,  1>0 (lo)

‘J’hc fist cl-isk dcnolex complex col~~u~ation,  Ilk(r) is the c.i~cnf~lndion  of the Alh mode nomalizc(i

sl]ch Illat [p (ii ‘lIIL(]P : 1 ;  ok an(i ICk : ,. L((L7% VII -I VU ) ] (where supusmipt  7’ (icnotm tlansposc)

al c the cc~l~-c.s]>o]](iillp,  cip,cnfl cqucmcy  an(i elastic stl ain tcnsol-, rcspcctivcly;  If an(i h! a]c. Ihc

foclls  2111(i lhc seismic moment tcmsor oflhe car[hquakc,  rcspcctivc]y.  ‘J’he global spfitia]  scale an(i

IIIC loII[; Icrnpo]al scale undcx COnsidclat  ion allow Ihc silnplificxi  ]cplcscntation  of an ca] Ihquakc

as a point soul-cc  with a step-fllnction Iimc histo]y, RI is synmclric  o]vin:, to the indig,encl~]s

natu] c of’ lhc cal-thquakc  lvhich  cxcl[s m o net tolquc. “1’hc a(ivanta~e  of using nomal  moric

the.oJ y has bum pointe(i c)ut by C:IMO & (iross  (1 987): Since t

fol tl]c elastic an(i gravitational forms as well as the physical

these complications need be taken into explicit consi(iu  ation

pal licularly  cfl”icicnt  in computation (see Mow),

Ic. ci:{cllflll)clio]ls  already account

boul](iarics  in the l;al-th, HOJIC  of

l;lll  (hcrmorc, Ihc fo]lnl]lation is

‘J’o c.vaiuatc u(r),  we consicicx  a simple l{al [h mcxicl  which is a sphclically  symmetr ic ,

non- lotalin{:,  elastic an(i isotropic approximation of the I cal l~ar [h (so-called SNl<l;.l  l;.al  t}) mo(icl).

Sillcc Ihc li,allh’s  (icwialion  ficm sphmical  s~mmclly is ]clativc.]y  s]nall  (the rotation an(i the dlipticity,

by fal the ]al Scst (icviations,  arc on]y of the OJ-(iCr 1 /300),  the CMOI” committcxi in using an SN1{EJ

] cprcscntation  is negligible to this or(icl-,

‘1’k (icnsity distl ibution  is thm a fhnction of 1 a(iial  distance only: p(r) z p(r). ‘1’hc nc)mlal  modes

uk of an SN’RI{l  l~arth  arc of two kinds -- sphcroi(ial and toloi(iai,  ‘J’hc tor-oiciai mo(ics, being

(iivcu g;cncc-ficc,  have mm filst-ol dcr CfYcct on the mass (ic.nsity;  so t hq’ ciIop out of the modal SLIm
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(1 0). ‘1’he sphmo idal mdcs can bc lw-itten as

11,,,,,,(!’)  ‘ t [1,)/()’) Y,,,,  (O, ).) “i J~,,J’) v] ~l,,,(o> ~) (11)

,$)])c] ~ ,1, /, /J/ ~r~  I-~sp~c,[i\@]jf  t]]~ ~)v~l”~ol)~  ll~llll[)c’~”, dc~r”~~  c?r]d c)I’(]~]” of the ]][)]”J~]a] m~des  ()? /  ‘

0,1, ?,.,,,  /?/ ‘ -  1,.,.,1). (1,,, and J1,,, al-c the  lradial  cigcnfllnctions;  }’~,,1 arc the fhlly nolmalizd,

coInplex  SUI Fdcc llamc)nic  fllnc.tions  of latitu(ic O and lon~iludc  ).; an(i V ~ is lhc surface fyadicnl

opm atol-  6dOl lsccOd  A. ‘1’he Cigcllficc]llcllcics  of the ()), /)11)  (sl)llcl  oidal) multiplct  lvill  be denoted

by ct~,,,, ‘J’hc. cigemclcmcmts  arc f(lnctionals  of the intcliol stluctu] c. of the llaltl~,  and indcpcmdcmt

ofnj undc]  the assumed spherical symmctl-s.

‘1’hc task now is 10 substitute equation (1 1) into (1 O) and then usc it to calwlatc  +3 and c. ‘Jhc

(iclail  of this pl occdul”c has bccm l)]cscntcd  by (~llao & (;l-Oss (198”~). Substilutin:;  that rcslllt into

equations (5) and (6) yields

A  );,: f22 M : };)l [ (;,, I;,,[)(l(If)  I 1;, 1C,12(~(I.f)  ] (12?)

A )’;,,,, ‘ - (\f6 f)”) 111 “ [ M : ):,1 l’;l (I{ CI;,,2 ~ (1”), IInlc,,?l (1’()) ] (13)

wllc. rc the summations ale carried out over the infinite set of spheroidal oiw tones, l’;l and CJ,l alc

lhc follol+illf;  funclionals  of the SNJ<lil  l;al [11 mocic]:

~~ Jo” P(]) ,5 [ ~~,(~)  -+ ~ ~<1>(~)  1 ~,l’;, ‘ (4 {?1 /345) tl) ‘2 (14)

fi~ ~,a P()) ,3 (/,,,)(7) d,(;,, ~ - (4{7r/3j  CD
-2 (15)

OI~ly I1)C sphuoidal  overtones ~vilh /: O or (/= 2, m O) contl-ibutc to Al;,,, )illile only the spl~cloidal

OVCI-[OI)CS  with /= 2 and llj’ 1 c.ontl-ibutc to A/’~,,)l.

3. IIata

]:ollowing  Chao & Gloss (1 987), wc adopt  the 106613 l~altl]  h40dcl of Gilbert & l>z.icwonski

(1975) for the SNRI H 1 ~arth paramdcrs and nol mal mmic cigcnclcmcnts. For the cal lhquakc  moment

Icnsol”s M wc usc the ccl~troid-ll~ol~lcl~t  tensor solutions publisheci  in the IIal val(i catalog (e. g.,

l)z,icwonski  cl al. 1 993), which consists of 11,015 cal (hquakcs  that OCCUT-red  dul-ing  1 977/1/1 to
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] 993/’//3] ,ij~l~ ~~~~y.,},~~,~ ,~laql~jtl!fic  ]alg~~ {]~~1~ a[)o~)t 5. ]11 tCI”lllS  Of CIICIS>J I’CICFiSC 011(? llCCCi ol”ll~
L

cmnsidcx  11)12 majo I- earthquakes. Smaller Cal thquakcs,  although nummous, invol~w rdativcly little

cnq;y and can bc i[:no] e(i complc.tcly.

POIC position m is also ncdcxi to compute A/{~,,,,. \17c c}loosc  10 use the “Spacc93”  time series

(Ci]t)ss 1 994). ‘)’hc series consists of daily pole ddcl  minations  fl-om a Ktilman-filter combination of

all independent space gccdclic obscn’ations.  ‘1’hc same Iimc span as the cal [hquake wits is taken.

As explained aboJ’c, the polar o~scl and scc~llar  dT-iff  need be Icmovcd  from the polal’ motion data

i~l all oi)timal  fashion, so as to move the Orij:ill  for II] 10 the mean pole. \Vc accomplish this by lcast-

squares fitting a lineal- combination of an annt]al  tc.rin, a Chandlcv term, p]us a second-dcyce

pol~mlnial to each oflhe.~ and y components of the pole position ‘J’lIc polync)mial  (lvhich  tNmcd out

to be rather linear) is Ihcl) subtracted. ‘J’hc rcsllltallt  pole pall] of In dul ing 197”//1 /1 - 1 993/7/3 1 is

displayed in l;i{~urc 1.

4, Rcsul[s  and J)iscussion

\Vc Ihcn compute Al~$ usinf: equation (12) al-ld Al~),,, usins (1 3). ‘J’hc conmj~cmcc of the

summatioli  was foun(i  to be quite ]apid, usually with tl]e ~’aluc  of A/~,v obtained aftci-  summins  o111)7

two ovu (ol)c mocics  bc.ing  well within 1 0/0 of its final  value, allhough  \vc actually summed OVCI-  26

OVCI1OIK  modes having  periods lon~cr than 45 s. ‘1’hc 1 csults arc shc)w’n  in I:igurc 2. “J’}lc  cumulatil’e

cnc]~y chan~:cs  arc p,ivcll  in l;ifgulc 3.

)1] c~ml~~ltil~~  L~];,),,,, the interim (but physically mcanin~,flll)  parameter ofthc seismic excitation

f~lnction  V’ is obtained. ‘1’hc cxlmulati~’c  SCI ics for Y’ in tu m of its x- and ~’

in l;i[~ulc  4. ‘J’hc linear tlcnd found by Chao & Gross <1 987) fol 19“/7-

li’illl  the a(idilional data in lhc years past 1985.

1:01 tllc  puiposc  of illustration,  we sinf:le out in ‘1’able 1 the results for

components alc present c(I

985 becomes wcakcx  hCI’C

hc fol]owing seven lalgcst

cal thquakcs  in I cccnt ciccacicx  (with seismic lllol~~cl-lt  A40 cxccc(iiw 1 (i’] N m):

1 ;\Jcl)l 1: N4ay  22, 1960, Chiic

I;VCI)l 11: h4arcil 28, 1964, Alaska, lISA

)ivc])t  111: August  19, 1977, Sumba,  ln(io~lcsia

];vcllt IV: N4arch 3, 1985, Cililc

1 ;Vcnt v: Scptcmbcr  19, 19S5, h4cxico

1 ;\’cl)t VJ : hfay 23, 1989, h4ac(iua1ic  Rici~c

s-



1 ivclll v] 1: .lunc 9, 1994, IIc)livia

‘1’hc source mechanism of l~vcnts 1 and 11, which occul-rcci  before the span of the } lal val (i catalo~g,

arc takcm  fi-om Kanamori  & Cipar (1 974) and Kanamoli  (1 970), rcspcctivcly.  ‘1’hc pole position m

at tlw time of these two CVMS (ncdcd  to mmput  c A/j,,,, ) al-c taken from the lntc] national 1 .alitudc

Service data: (- 154 mas, 42 mas) and (- 194 mas, 171 mas), aflcr removal of an clfl’set an(i lc)n{g-

tm m drift similal]y as ahovc.  l;~wlt \rl 1 in 1994 is also outside 0111- studid pclio(i. 11 is a dcxp-

f(musccl  ci’cml and has the lal-~cst  seismic momcmt sincx 1 lf’ctlt 111 in 1977.  11s seismic moment tmsor

solution (adoplcd fi cm the pl-climina]y  1 larvar(t  calalop,)  is cmsidcl-cd  preliminary at this m’litins. ‘J’llc

COJ I c.sJmnding  pole position is also pl-eliminal-y:  ( 126 mas, 64 mas) aftc[ dctrc.nding (C. Ma, pcrsoI)al

col]ll]lllllicalioll, 1 99-4). “1’hc seismic wave cncl’{!y  /’;,,, is computcc] ac.cordin~;  to the cmpilic.  al Iclation

(KanamoIi 1977): };,,,= Af(,/(2 ~ 10’1) (SCC also (hao c1 al. 1994).

WC shall now study the statistics ofthc I otational  clle.l-c:y  c.hangcs. Wc do so by cxaminin~ the

X2 statistics of the sign of lhc Al;,, and A)’~,,,l J’alucs. A);,, is proportional 10 c33 u’hich in Ium is

pmpm (ional  to the chanf;c in the lcn<,th-of-day,  Al 01). 1 lcncc it has the same X2 statistics as A I.()])

which has been calculalc[i  in Chao ct al. (1 994),  ‘I’l  IcI c al-c muc,h mOI-C positii’e AII;, ~alucs than

ncj;ativc  ODCS:  Out of the 1 1,015 cvcmts, the (ii fkxcncc is as many as 12?’/3, much ycatcr than

d11,015 ~ 105 cxpcctcd fi om a binomia] distribution fo] I andom fluctuation, implying an cxtI cvnc’ly

low p]-obability  that this phenomenon is duc  pum]y to I anclom fluctuations. in othc] Ivol”ds,

cal (Ilquakes }11-oducc posilivc  Al;, much mo] c ]cadily than nc[’,ativc  Al<;,j, a s  is clcally cvi(icmt  in

l;i{!ul c ?(a) and lhc inclc  asing  lICJId  in 3(a). ‘J’hc COI I csponding  ~? is as hi~gh as 147 (fal hi@cu  tl]all,

say, tlx  ciitical values of 6,64 at 10/0 sif:nificant Icvcl 01 10.8 at 0.1 0/0 sigl~ificallt  level). l)llysically  it

indicates that the ca]lhquakc  mechanisms alc such that the resultant seismic clisplaccmcnt  tcn(ts 10

act ap,ainst the spin ccntrift]gal  fol cc. “1’bus, calthquakcs have a stl-ong tw(icncy to dcmcase  the

l~al-th’s  glcatcst moment of incltia (’, causing  a fastcl spin ad increasing Ihc spin energy in the

process. ‘1’hc situation is analo~gous  to a spinning skater- gaining  spin cnci-gy  by all-awing the amls

closer to the body againsi Ihc ccnllif~lgal  fb]cc while the amylar  momcnlum  sta}’s constant. l;rom

l;igulc 3(a), the avcl-aSc ralc of Al;, inc]casc  is lathcl-  stc.ady at abc)~ll 2.1 ~ 1017 .l YI-- ‘, or 6 . 7

pi[~a]~~att  ((;\]~  or ] 09\3~),  during 1977-1993..> :>

in contmt,  cal-thquakm  shc)w no p] cfcrcmc onc ~vay or the otlm in Ihc sign of the polar-motion

cnc]j;y  chan~c, and no statistical tendency is dd cctable.. ‘J’hc numbc.r  c~f ncgatit’c  signs of the A k],,,,

~]al[l~s  is lalg~l t]lall  t])c ]lL]]ll~jcI of positi~?c  signs by a n)cl’c  69, w’ithin that CXp CCt Cd fl 01)]  randonl



fluctuations. ‘J’hc X2 of this particular maliz.ation is only 0.43,  corresponding to a si~nificant  level of

- 50%. “]’his non-tlcnding nature  of A)~,,,,l  ~,uivcs }:i~:ul-e  3(b) the cllal-actuistic  of a random walk

pl OCC.SS, l’mm  l:igurc 3(1]),  the ovmall  fluctuation in .~);,,,), (lu]ing 1977-1993 is on the order of 1012

.1, or only=+ 10 6 GW, ‘1’hc ovclali  si~c of L~ El),,, is thus six o]-dc.rs of magnitude smallm than AI+;S. ‘1’hc

mason is the following: assuming that Icl and lc331 ploduced  by earthquakes arc comparable in size,

equations (5) and (6) lead 10  .~];,,,,, /L~)’;, “-  If))\, 1~’hid~ is of the @r(icr ]~” 6,

WC can now compare the ralc of some rc.lmnnt {Ic,ophysical  crlcl-[gy changes (for ]cfcrcnce, the

total human power consumption is about  104 (iW.):

‘J’olal  h e a t  f l o w /’l x ] (y (;\Jl

~pi]] down  caused by tidal braking ~ x 1 OS (;]~~

l;altll[]llakcill(l~lcc(i  ~,ra~italional, 19’/7- 93 -2.0 ~ 103 (;JV (Chao et al, 1 994)

h4antlc.  convection ] x ] OS (;\~l

‘1’otal seismic wave, 1 97-/- 93 4.’/ (i\\T (Chao  et al. 1994)

l~al (hquakc-induced  spin, 1977-93 “1 6.7

lla]tll(]llakc-illd~lcc(l  polar motion, 1977-93 :! 10’

GW (’1’his study)

~ C;W (-l’his study)

rdativdy small in terms\47c see that in qcncral  the caltllql)akc-ill(lllcc(l  rotationalL

of the global  crlcr{gdics.  .At -I 6,7 G\J7, the steady inmcasc.  of ,~}’;,, with time due to CWI [hquakcs  is

totally mw whelmed by lhc. tidal bl’aking  in the F.al 11)’s spin, lvhic.h amounts 10 a secular dccrcasc  in

A/I;,r  al a rate of about -3 x 103 G\V. ] lowcver, so faT as the sc.ismic  cnclget  ics is concerned, Al;,  is

not tr-ii’ial:  its magnitude is comparable 10, anti  usually gl cater than, the total seismic m’avc, energy

rc]casc  by earthquakes (also cf. Table 1). A k,),),, bcinfg six O]-dc]”s ofma~nitude  smaller than Al;~, is

complc. tcly nc~gli~iblc.

\\71~at  is the energy source for pc)siti~re  Al<,, ancl tlIc sink for negative  Al<;,  (an(i fo] that mattcl, the

SOUJCC  and sink fo] Al~I,l,,)?  As a mc.chanism  of the plate tcctc)nic.  movement, cal(hquakcs arc a

NII  face manifestation of the mantle cclmwction.  ‘1’hc povm Icquirccl  fol the laltcl-  is about 103 GW

(e.g., Staccy 1 977), rcprcscnling  a much lalgcr  C3)c]gy  rc.scl vc)ir  for ‘f];,  (and Al~,,,,). Chao c~ al.

(1 994; cf. also l)ahlcn 1 977) have dmonstl  atcd that, bcsiclcs operating its own cncr~fy budget and

chanfiin~< the rotational energy, an car-t llquake incluccs  a co-scisrnic  gravitational energy change  Al; ~

that is two to three orders of magnitude larger’. Figu] c. 5 shows the cumulative A}~g  adopted from

1 0



(;llao et al, (1994), While A~;,,  steadily incte.ascs, thmc is a similar anti equally stronc tendency for

the Cal’[hquakm to ICdLKZ  the gf”avitalimlal  crlcr”{:y Al~~, M;g is gcrwa]iy  a fcw hudrcd  times laigcr

thal~ 1~}~.,  l$fi~h tk ()]Jp@sitc  si~ll (a ]>~si~ivc  L~]\gis almost  always associatcxi with a ncgalivc  A]+;,, and

Vise ~~rsa),  “]’]Ic  ~e,as~]~  is sillll>]y  t]lat  Illc  gl”a\’i[afi@lMl  fol CC it) the }~al”th iS a ft2W  ]) LII)(]I”CC~  t illl~s ]al”~e.1”

than the ccntl-ifl)gal  force ancl gcnmally  points in an o})posile  dircclion  to the ccntrifll~al  force, It is

conceivable that this AliY can easily Scin)e  as a source and sink for Al’;, (and A~~,,,,,)  in the ~ranc]

SCIKII)C  of p]atc tectonics, Ilndcr  this sccl~al  io, the dominant  cncl~ctic  dkct of an cal thquakc is the

t] ansfcl” of the G1 avitational  CnCI-gy  from and into othw forms of cnel gy. ‘1’hc accompanying chanf;c

ill the ]“olalional  cnci”{gy is a sccondal”y  C! fh?ct,  bLlt the physical Incc}lanism  fol” the encl”gy  transfer

]cmains  to k sludicd.
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‘1’ab]c  1. (langes  in spin cncigy (A I;L,) and polar-motion cmcl gy (Al~),,,),  compared with seismic wave

CI)CI ~>y I’;}r, inciuc.cd  by seven great ealthquakcs.

1 ;Vcllt 1 II 111 ]\/ \r \TJ \/] ]

(A4(,,10+Nn1)  ( 2 7 0 )  ( 7 5 )  (3,6) ( 1 . 0 )  ( 1 . 1 )  (1,4) (3,0)

1’;,, (lol~  1) ]3.5 3.8 0.18 0 ,050  0 .0s5  ().070 0 .15

A);3 (lo J~ 1) 18.4 - 1 4 . 9  -0,72 0,22 0,20  0.13 0.51

Al;,,),, (10’2  J) - 3 7 . 9  - 2 8 . 9  0 . 7 0 - 0,s3 -0.18 0.?9 0,1’1

l’igulc (;a])tions

l;i{;um 2. (a) Spin wc]-gy change A/;,, and (b) polar-mot ion cncf[gy change A )I,,,,j,, in(iuc.c(i  by 11,1215

majol cal(hquakcs  Ciulillg  197’7- 1993.

l;if~,ulc  3, Same as Figul c 2, but for tile cumulative’ c]IcT[gy  chan:gcs,

Fi:?,ul”c  4. x and y components of lhc cmmulalivc  cxc.italion  of polar motion ciLIc  to 11,015 mi~~Ol-

cal (hquakcs that cmcurrcd ciul-ing 1977- 1993.

Fi!!,ulc  5. ~lmlulativc  gravitational mcrgy  change in the Eal (h induced by 11,015 ma~c)r  carthquakcx

Ihat oc.cu]rd  ciuling  1977-1993 (adopte(i  fionl (~hao d al, 1 994).
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